Groundwater contamination is an ever-growing environmental issue, that has attracted much and 15 undiminished attention for the past half century. Groundwater contamination originates from 16
Introduction 33
Groundwater is susceptible to pollutants and its contamination can cause it to become unsafe and 34 unfit for human use. Contamination might be due to natural causes, for example arsenic (As) or nitrate 35 (NO3 -)-containing rocks (Menció et al., 2016; Tabelin et al., 2018) or more frequently by anthropic 36 activities. Hence, a large variety of contaminants can be found in groundwater: aromatic compounds 37 and chlorinated hydrocarbons (Logeshwaran et al., 2018) , inorganic metallic compounds (Galitskaya 38 et al., 2017; Luu et al., 2009) , and nutrients (Chen et al., 2016) . Recently, pharmaceutically active 39 compounds (PhACs) and contaminants of emerging concern (CECs) have also been identified in 40 groundwater as solutes (Lopez et al., 2015) . 41 Different treatment technologies have been applied to groundwater remediation: physical, 42 chemical and biological, with variable rate of success (Callegari et al., 2018; Dong et al., 2019; 43 O'Connor et al., 2018; Sarkar and Paul, 2016) . Application of Pump & Treat (P&T) schemes is among 44 the most diffused strategies, whereby groundwater is extracted and subsequently treated outside of 45 the aquifer; this type of solution allows for a better control of the process (i.e. directly observable by 46 the operator), however this approach may be waste-and energy-intensive when the extracted 47 groundwater is not in need of immediate use (Majone et al., 2015) . Therefore, much research is 48 focusing on the development of in situ treatments, which are considered to be more sustainable for 49 the general protection of this resource. 50
Bioelectrochemical systems (BESs) have steadily emerged in the last 15 years as a versatile 51 and promising technology. BESs have been employed in different ways for a variety of tasks: (1) 52 microbial fuel cells (MFC), degrading organic matter and producing electrical energy (Capodaglio et 53 al., 2013) , (2) microbial electrolysis cells (MEC), producing valuable hydrogen gas at the cathode 54 (Miller et al., 2019) , (3) microbial desalination cells (MDC), providing desalinated water from 55 seawater or brackish water (Brastad and He, 2013) , and (4) microbial electrosynthesis systems (MES), 56 synthetizing value-added chemicals and commodities using a poised biocathode (Wang and Ren, 57 2013) . Additionally, BESs have been integrated with other technologies such as membrane 58 groundwater, a similar behavior can be observed for reduction reactions, such as denitrification, 85
where the limiting electron donor may reduce the possible reaction rates (Shen et al., 2015) . In 86 addition, metabolism and growth of microorganisms may be slowed down in these circumstances 87 since the majority of them is attached to soil particles or located in the sediments, where diffusion of 88 electron acceptors and donors might be particularly difficult (Li and Yu, 2015) . 89
Based on these premises, in situ bioremediation may become particularly challenging; the 90 application of BESs may become a solution to the problem or at least to a large part of it. The lack of 91 natural onsite electron acceptors and donors can be substituted by insertion of electrodes, acting as 92 virtually inexhaustible electron acceptors (anode) or donors (cathode), thus supporting microbial 93 metabolism (Aulenta et al., 2011) . In some cases, addition of chemicals as electron donors/acceptors 94 is chosen, requiring periodical replacement of the spent agents, which is not needed in the case of 95 electrodes. In addition, when reduction reactions are involved, it is possible to set the desired cathodic 96 electrode potential at a reductive level that simply cannot be reached by the sole addition of chemical 97 reagents (Li and Yu, 2015; Williams et al., 2010) . 98 Furthermore, water electrolysis could generate oxygen and hydrogen, which may serve 99 respectively as additional electron acceptor and donor. Electrokinetic enhancement was reported to 100 enhance mixing and mass transport, due to the electric field generated in proximity of the electrodes 101 (Gill et al., 2014) . Also, electro-osmosis can induce water displacement with subsequent resuspension 102 of immobilized bacteria and contaminants. This leads to an increase of contact between substrate and 103 bacteria, independently from the hydraulic conductivity of the porous medium (Gill et In the last decade, due to the multidisciplinary and faceted nature of BESs, different setups based on 114 BES technology have been developed. The majority of applications have focused on groundwater 115 denitrification and removal of petroleum hydrocarbons (Table 1) . Petroleum hydrocarbons are usually 116 removed in BES by oxidation in an anodic compartment; NO3can be reduced in BESs to nitrogen 117 gas via autotrophic denitrification or autohydrogenotrophic denitrification (at the cathode) or via 118 heterotrophic denitrification (at the anode); the presence of organic matter is necessary in the latter 119 case. 120 in the anode chamber, and remove it by heterotrophic denitrification (Figure 2A) ; tests were carried 125 out with both synthetic and real groundwater. Anode and cathode chambers consisted of separated 126 porous tubes wrapped by anionic (AEM) and cationic (CEM) exchange membranes respectively. The 127 anode chamber was fed with synthetic/real groundwater while the cathodic one with buffer solution. 128
The system was operated in both MFC and MEC modes; application of 0.8 V potential between anode 129 and cathode led to the best results, obtaining NO3removal rates up to 208.2 ± 13.3 gNO3 --N m -3 d -1 . 130
Competition between ion exchange and electricity-driven migration was observed, leading to NO3 -131 removal rate of 158. Higher current densities were recorded when the system was operated with real groundwater, due to 134 the natural presence of other ions that enhanced ion movement and assisted electricity generation 135 (Tong and He, 2013) . In a follow-up study by Tong and He (2014) , the current flow generated by a 136 tubular BES induced NO3migration out of groundwater, accumulating it in a concentration chamber, 137 defined by the presence of CEM and AEM. The BES setup was similar to that of a tubular MDC 138 ( Figure 2C ). Electrons generated by organic matter oxidation at the anode flowed to the cathode, 139 while cations migrated to the concentration chamber from the anode. Simultaneously, anions, 140
including the target pollutant NO3 -, reached the concentration chamber through the AEM, where they 141 were retained due to the presence of the CEM preventing their intrusion into the anode chamber. In 142 this case, rather than biological denitrification, NO3removal from groundwater was due mainly to 143 the physical migration induced by the generated electric current, with a subsequent treatment needed 144 to denitrify the concentrated feed afterwards (Tong and He, 2014). Zhang and Angelidaki (2013) 145 proposed a modification of the MDC setup: bioelectricity was used to attract NO3into the anodic 146 chamber through an AEM, then NO3was transferred to the cathode chamber, where it was reduced 147 via autotrophic denitrification ( Figure 2B ). NO3removal rate of 90.5% was obtained with HRT of 148 12 hours; in this case the ionic strength of groundwater was a limiting factor for NO3removal. The 149 addition of a nitrification step in the loop transferring NO3from anode to cathode was beneficial to 150 both bioelectricity production and NO3attraction, removing ammonia (NH3/NH4 + ) that appeared in 151 the anode chamber due to the lack of aeration. The setup proved to be versatile, and capable, with 152 minor modifications, to remove NH3 from anaerobic reactors, at the same time balancing NH3 153 inhibition (Zhang and Angelidaki insertion of electrodes in a porous medium, even though feasible and simple, presents some 177 limitations that could be corrected and eliminated with a more dedicated design ( Figure 2D ). 178 2017), where a tubular MFC was designed with carbon felt anode exposed 216 to the contaminated groundwater and used for long term operation (about 155 days) ( Figure 2F ). The 217 system was able to remove up to 90% petroleum hydrocarbons at the anode and up to 79% bromate 218 (BrO3 -) at the cathode (added as catholyte). The MFC was tested under copiotrophic (high 219 concentration of organic C ≃ 1500 ppm for benzene and 100 ppm for phenanthrene) and oligotrophic 220 (low concentration of organic carbon ≃ 50 ppb for both the considered contaminants) conditions. The 221 highest (0.76 mW m -2 ) and lowest (0.01 mW m -2 ) power densities were achieved in copiotrophic and 222 oligotrophic conditions respectively, while contaminants removal remained constantly high (higher 223 than 80% for benzene and phenantrene in copiotrophic conditions). The performances of the poised biocathodes were far higher than the MFC's in terms of nitrogen 311 removal rates (around 30% higher). Based on that calculation, it is possible to consider the use of 312 MFC for long-term groundwater denitrification (or biocathodic reduction of other chemicals). 313
Electrons produced by anodic organic matter oxidation could be used for cathodic reduction, and the 314 limitation of removal rates would be acceptable for an in situ treatment, where the spatial dimension 315 of the contamination is high. One issue to be tackled is the use of organic matter as anolyte, and the 316 need to avoid further contamination. On the other hand, in an ex situ configuration the use of a poised 317 biocathode would benefit from higher removal rates, being able to ensure higher flow rates for 318 different purposes. More attention should be given to the actual energy consumption of BESs, by 319 means of a life cycle assessment (LCA) of the technology, where all the different aspects such as 320 recirculation, pumping, etc. are considered. 321
Recently, the microbial electrochemical snorkel emerged as a novel BES type ( Figure 5) . A 322 snorkel is a short-circuited MFC, where a microbial anode is directly coupled with a biotic or abiotic 323 cathode. The snorkel does not produce (or require) power, but it works at the maximum current 324 sustainable by the system, and at the same time, hence, at the maximum electrochemical reaction rate 325 (Hoareau et al., 2019) . This systems is characterized by its extreme simplicity, as it may be constituted 326 by a single rod (graphite, steel or carbon), exposed to two different redox environments (Viggi et al., 327 2017 (Viggi et al., 327 , 2015 . Snorkels have been used to degrade organic matter from wastewater (Aguirre-Sierra et 328 al., 2016) and NO3from low-organic wastewater, in addition to remediating hydrocarbon-329 contaminated sediments (Yang et al., 2015) . 330
The application of a snorkel for groundwater remediation would allow treatment where no 331 external energy is provided, and where simplicity would suggest its use for in situ applications. 332 However, the snorkel is a relatively new type of BESs, and some challenges might be unsolved, such 333 as the inability of fully controlling the electrode potential, the lack of accurate delimitation of anodic 334 and cathodic zones, and the possible presence of oxygen in the anodic zone. Some solutions, including 335 numerical and mathematical modelling and use of anocathodophilic biofilms have been proposed 336 (Hoareau et al., 2019) . 337 Health Organization (WHO) requirement of 100 L d -1 per capita as the minimum daily water intake 398 necessary to avoid any level of health concern connected to the available water quantity (Howard and 399 Bartram, 2003) . Therefore, a pilot scale BES reactor for such a decentralized household should 400 guarantee a flow rate higher than 0.4-20 L d -1 . This condition has been met by BES performing 401 groundwater treatment, with flow rate values exceeding 12 L d -1 in the denitrifying BES operated by 402
Pous and co-workers (2017). Based on that, it is possible to state that BES for groundwater treatment 403 have reached the pilot scale level (even though limited to decentralized applications) and are no longer 404 confined to laboratory settings. 405
Recently, application of small scale BESs in series has been proposed as an alternative to the 406 increase in size for technology upscaling (Greenman and Ieropoulos, 2017) . Series application of 407 several small-scale BESs may be a feasible option to both remove different contaminants (e.g., 408
biocathodes poised at different potential focused each on a different contaminant, similar to the setup 409 reported by Huang et al. (2015) and increase energy production. This sequential approach was tested 410 by Cecconet et al. (2019b) for groundwater denitrification. The sequential coupling of two 411 denitrifying biocathodes showed to be particularly promising in terms of energy sustainability: the 412 specific energy consumption (SEC) of the system decreased at the increase of the NO3load, showing 413 that such a system was more energy-efficient when operated at low HRTs (advantageous aspect for 414 a full-scale treatment technology). CECs are a class of substances used for a variety of purposes: personal care, food production, human groundwater for drinking water production, and CECs' regulations have not been issued yet (at least 443 in the European Union), much debate on the matter is going on (Lapworth et al., 2019) . 444
BESs proved to be able to remove CECs with high performance, in some cases higher than 445 conventional water and wastewater treatments (e.g., biological process), scoring interesting results in 446 particular in the removal of recalcitrant contaminants due to the combination of microbial 447 metabolisms with different redox conditions offered by anode and cathode, respectively (Cecconet et 448 al., 2017) . Therefore, the investigation on the removal of CECs from groundwater should be 449 intensified, taking into consideration the particularities of groundwater (general low conductivity, 450 and low concentration of nutrients and organic matter); in addition, the removal of those contaminants 451 should be considered in combination with the presence of other contaminants that may occur in the 452 aquifer, especially if there are orders of magnitude of difference between their concentrations. 453 ascertained by the increase in current density in a BES-based biosensor; current quickly dropped 465 when organic matter presence was discontinued, suggesting that the system was able to monitor 466 subsurface microbial activity during in situ bioremediation (Williams et al., 2010 ). The electrodes 467 were able to produce detectable current despite the long separation of anode and cathode (6 m), and 468 electron transfer was attributed to Geobacter species (Williams et al., 2010) . 469 Bio-current generated by a bioanode poised at +0.2 V vs SHE was reported being linearly 470 correlated with the increase in concentration of biogenic Fe(II), serving thus as indicator; Fe(II) is 471 widely used chemical in groundwater remediation, and the system could monitor the concentration 472 of the compound in an effective way (Feng et al., 2013) . A BES-based biosensor for As was 473 
Conclusions 486
Amongst the different technologies applicable for in situ treatment of contaminated groundwater, 487
BESs showed to be a suitable and feasible option. The analysis of the different setups reported so far 488 in literature highlighted that it is crucial to properly design a BES to be operated in a harsh and 489 challenging environment such as the aquifer, and that the simple adaptation of ex situ BES setups 490 may not be sufficient to achieve the desired results. 491
Research in the field mainly focused on denitrification and hydrocarbons removal, showing 492 excellent results due to the interaction of microbial metabolism and poised electrodes. In the near 493 future research should focus on emerging topics such as the interaction between multiple 494 contaminants (both reduced and oxidized), accurate estimation of the energy consumption for in situ 495 treatment with BES, development of reliable models to simulate and predict the processes and 496 possible integration of BES with PRBs for the interception and treatment of contaminated plumes. 497
The integration of these research gaps with the existing BES technology could lead to the 498 development of reliable and resilient BES for in situ bioelectroremediation. 499 500 Acknowledgements 501 D.C. and F.S. wish to thank Dr. Shiqiang Zou (Stanford University, USA) for the fruitful discussion 502 and the highly valuable comments. 503 504
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